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Effects of glucagon on the loop of Henle of rat juxtamedullary neph-
rons. We investigated by micropuncture the effects of glucagon and
parathyroid hormone (PTH) on thin limbs of juxtamedullary nephrons
of rats with reduced plasma concentration of endogenous glucagon,
PTH, antidiuretic hormone (ADH) and calcitonin, all four hormones
enhancing the adenylate—cyclase activity in the thick ascending limbs
and the distal nephron. Such a hormonal depletion suppresses the
corticomedullary concentration gradient, making favourable conditions
for studying the influence of these hormones on the renal concentrating
mechanism. Administration of glucagon (4.4 ng/min) or PTH
(5mUImin) to these hormone—deprived rats elicited the expected
decrease in urinary Mg and Ca fractional excretion without modifying
either fractional or absolute excretion of water. At the tip of the loop,
glucagon enhanced the loop fluid osmolality by 20%, but left the
delivery of water unchanged. The Na and Cl concentrations increased
significantly with the osmolality, resulting in a positive correlation
between the fractional delivery of either ion and the loop fluid osmolal-
ity. PTH increased the fraction of filtered phosphate delivered to the
thin limbs, as expected, but, in contrast to glucagon, did not alter either
the Na, Cl, or total solute fractional deliveries. The Mg, Ca and K
deliveries were unaffected by glucagon and PTH. In conclusion,
glucagon, which activates the cyclase system of both the medullary and
cortical portion of the thick ascending limb, enhances the delivery of
salt to the tip of the loop by net sodium chloride addition to the
descending limb. PTH which activates the adenyl—cyclase system only
in the cortical thick ascending limb cannot enhance such NaC1 delivery.
NaCl, when added, might therefore originate from the medullary thick
ascending limb.
Two major processes contribute to the urinary concentrating
ability of the kidney. One is the existence of a cortico—medul-
lary concentration gradient created by the reabsorption of
solutes out of the thick ascending limb and their delivery into
the medulla, and the other is the progressive net removal of
water from the collecting duct system by osmotic equilibration
with the surrounding mediums. Both these processes are con-
trolled by antidiuretic hormone (ADH) which increases the
permeability to water of the collecting duct walls and stimulates
electrolyte reabsorption by the thick ascending limb [1—4]. Up
to now, it has been difficult to estimate the contribution of each
of these two processes to the concentrating mechanism. From
experiments carried out on rats depleted of circulating ADH,
calcitonin, glucagon and parathyroid hormone (PTH) (hormone—
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deprived rats), it was concluded that in the thick ascending limb
calcitonin and also very probably glucagon exert effects similar
to those of ADH, namely a stimulation of Na, Cl, Mg, Ca and
K reabsorption, whereas PTH significantly increases only Mg,
Ca and K reabsorption in that nephron portion [5—7]. In the rat,
the first three hormones activate the adenylate—cyclase system
of both the medullary and cortical portions of the thick ascend-
ing limb whereas PTH only activates the cyclase system of the
cortical portion [8, 9]. On the other hand, ADH and calcitonin
both elicit an antidiuretic response in the rat [10, 11], whereas
glucagon and PTH fail to alter the diuresis in water diuretic rats
[6]. From biochemical [9] and physiological [10] arguments it
was postulated that, in the rat, calcitonin may increase the
permeability to water of the cortical collecting ducts.
In the present work, we decided to examine the physiological
effects on the loop functions ofjuxtamedullary nephrons of the
two hormones which act on the electrolyte transport by the
thick ascending limb, but not on the permeability to water of the
collecting duct: that is, the effects of glucagon, which stimulates
the cyclase system of the whole length of the thick ascending
limb, and PTH, the action of which is restricted to its cortical
part. Micropunctures were performed in ascending and de-
scending thin limbs of rats deprived of endogenous ADH,
calcitonin, glucagon and PTH.
Methods
Experiments were performed on 18 male rats with hereditary
hypothalamic diabetes insipidus bred in our laboratory. The
preparation of animals has been previously described in detail
[4, 5, 10] and will be recalled briefly. The rats were selected and
prepared to reduce the plasma concentration of antidiuretic
hormone, calcitonin, parathyroid hormone and glucagon. For
this purpose, DI Brattleboro rats were acutely thyroparathy-
roidectomized and infused with somatostatin (Clin—Midy,
93537, Paris, France) at 70 ng/min lOOg body wt to inhibit glu-
cagon secretion [6].
Estimated fluid losses were replaced by the intravenous
injections of 0.9% NaCL (1.5 mliter/lOOg body wt) administered
once at mid course and once at the end of surgery. Then, each
animal was infused through the jugular vein at 10 diter/min
with a 0.4% NaCl solution containing [3H] inulin (New England
Nuclear, Boston, Massachusetts, USA), 1 mg/muter bovine
serum albumin (BSA, fraction V), somatostatin and, when
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necessary, porcine glucagon (highly purified porcine glucagon,
Novo Industri, Bagsvaerd, Denmark) or synthetic 1-34 PTH
fragment (Beckman Instruments, Palo Alto, California). The
administration rates of glucagon (4.4 ng/min) and PTH (5.0
mU/mm) were similar to those used in recent studies by Bailly,
Roinel and Amiel [6, 12] in which the peptides were found to
stimulate electrolyte reabsorption by the loop of Henle and the
distal tubule. Using such an infusion rate of glucagon, the
hormone concentration in plasma could be expected to increase
from undetectable levels in control (somatostatin—infused) rats
to around 2.1010M at equilibrium [6], a value close to those
measured during maximal stimulation of glucagon secretion
[13]. The PTH infusion rate was chosen to raise phosphate
fractional excretion from 0 to 3% in control rats, to 15% of the
filtered load, that is, to a value still lower than that found in
intact Brattleboro rats [4]. This controlled that PTH was not
being given in excess, and that pharmacological effects were
being avoided. In the present series, all the animals were also
infused through the femoral vein at 33 jditer/min with a 0.4%
NaC1 solution. This infusion rate was adjusted throughout the
experiments after each urine collection in order to compensate
adequately for urinary losses.
The experiments were carried out on three groups of six 60 to
98 g rats. The first group, which acted as control, consisted of
TPTX-Brattleboro DI rats whose circulating glucagon was
reduced by somatostatin infusion (hormone—deprived or HD
animals). The two other groups consisted of hormone—deprived
rats infused with either glucagon or PTH. Young rats were
chosen to allow access to the extrarenal part of the papilla. The
left kidney was exposed for micropuncture and the ureter was
cut to uncover the papilla. One PE-50 catheter was inserted into
the right ureter for urine collection. Overall renal function was
deduced from the right kidney data.
Micropuncture samples were collected during three to five
thirty minute clearance periods, the first of which started after
a one hour equilibration period (during which somatostatin and
one of the hormones were administered) and about 180 mm
after thyroparathyroidectomy. Descending and ascending thin
limbs of Henle's loop were punctured near the base of the
papilla. The rate of collection was controlled by microscopic
observation of a previously injected oil droplet. A total of 107
Henle's loops were punctured (hormone—deprived, 38 loops;
hormone—deprived + glucagon, 41 loops; hormone-deprived +
PTH, 28 loops). In addition, in each rat, two to four samples of
collecting tubule fluid were obtained from the papillary tip (20
samples in hormone—deprived rats; 17 and 16 samples in those
receiving glucagon and PTH, respectively).
Analytical procedure
To determine the [3H] inulin concentrations, known volumes
of micropuncture, urine or plasma samples were dissolved in
Picofluor scintillating solution (Packard Instruments, Dowmers
Grove, Illinois, USA). Radioactivity was measured by liquid
scintillation counting (Intertechnique SL4000). Osmotic pres-
sure was determined in urine samples with a 5100 C vapor
pressure osmometer (Wescor Inc., Logan, Vermont, USA) and
in plasma and tubular fluid samples by a microcryometric
method [14]. Plasma ultrafiltrates were obtained by artificial
ultrafiltration of plasma samples on Amicon cuprophran mem-
branes. In the tubular fluid and plasma ultrafiltrate samples, the
chloride, sodium, potassium, phosphorus, magnesium and cal-
cium concentrations were measured with an electron probe
analyzer (Camebax, Cameca Inc., Paris, France) [15]. As
sometimes observed [16], in the present series the chloride
concentration of biological samples (plasma ultrafiltrate and
micropuncture samples) was overestimated. However, as al-
ready discussed [17], the concentration ratio of tubular fluid to
plasma ultrafiltrate for Cl is similar when determined with the
electron probe technique or with a microcoulormetric method.
The TF/UF concentration ratios were therefore taken in con-
sideration in the present work.
Calculations
Tubule fluid—to—plasma (TF/P) ratios for inulin and osmolal-
ity, and tubule fluid—to—plasma ultrafiltrate (TF/UF) ratios for
the other elements were calculated by linear interpolation of the
respective plasma or ultrafiltrate concentration curves at the
time of each tubule fluid collection. The single nephron filtration
rate (SNGFR) was calculated by dividing the volume of loop
fluid by the collection time (two to three mm) and multiplying
the result by the TF/P inulin ratio. Differences among groups
were evaluated using a variance analysis. When allowed by the
F values a modified ttest was used. A difference at the P C 0.05
level was considered significant. Means are given with their
standard error (SE).
Results
Table 1 gives the clearance data and plasma ultrafiltrate
composition of hormone—deprived, hormone—deprived + glu-
cagon and hormone—deprived + PTH rats. The glomerular
filtration rate was significantly higher in rats receiving glucagon,
than in either HD or HD + PTH rats. In all three groups, the
ratio of urinary to plasma osmolality was far below unity,
fractional excretion of water and free water clearance were 6%
and 2.5% of the filtered water, respectively. No significant
differences were observed between the three groups for the
plasma ultrafiltrate composition, except for the phosphate con-
centration which was decreased in the HD + glucagon and HD
+ PTH rats.
The urinary composition and fractional excretion of electro-
lytes by the left kidney are indicated in Table 2. As expected,
both glucagon and PTH significantly reduced Mg and Ca
fractional excretion rates [6]. Phosphate fractional excretion
was low in hormone—deprived rats and in hormone-deprived +
glucagon rats. Administration of PTH resulted in a mean
phosphate fractional excretion of 15%. With regards to Cl, Na,
K and total solute excretion, no differences were observed in
the three groups of animals.
Table 3 gives the micropuncture data for the thin limbs of
Henle's loop. The single nephron glomerular filtration rate
(SNGFR) of deep nephrons had a nearly constant value, close
to 10 nliter/min, under the three experimental conditions. In the
hormone—deprived rats, that is in the absence of endogenous
antidiuretic hormone, parathyroid hormone, calcitonin and
glucagon, as previously observed [10], the corticomedullary
concentration gradient was almost completely abolished. At the
tip of the loop, TF/P for inulin and osmolality averaged 2.27 and
1.11, respectively. The TF/UF for Cl ions was slightly, but not
significantly, below unity (t = 1.81, P > 0.10). The (TF/UF)Na
was lower than the (TF/UF)Cl and significantly lower than
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Table 1. Right kidney function and plasma ultrafiltrate composition.
Hormone—deprived(N = 6)
Hormone—deprived + glucagon(N= 6)
Hormone—deprived + PTH
(N= 6)
Body wt, g 79 7 73 4 72 5
Kidney wt, mg 425 12 419 45 395 23
U/Posm 0.51 0.03 0.57 0.04 0.63 0.04
GFR, pliter/min g kidney wt 512 71 729 69* 458 41
EF% H20 7.6 1.1 6.6 0.8 5.8 0.6
CH2O, % of GFR 3.0 0.9 2.8 0.4 2.1 0.4
Na, mmole/liter 157 4 149 3 152 2
K, mmole/liter 4.32 0.33 4.15 0.20 4.09 0.08
P, mmole/liter 3.92 0.21 3.35 0.16* 3.43 0.07'
Mg, mmole/liter 0.53 0.05 0.56 0.04 0.59 0.02
Ca, mmole/liter 0.78 0.09 0.78 0.10 0.74 0.05
Osm, mosm kg-I 308 5 306 5 301 2
Values are means SE. Abbreviations are: N, number of rats; u, urine; P, plasma; GFR, glomerular filtration rate; CH2O, free water clearance;
significantly different from hormone—deprived rats.
* P < 0.05, ** p < 0.025.
Table 2. Composition of fluid collected at the tip of the collecting ducts.
Hormone—deprived(N= 6)
Hormone—deprived + glucagon(N= 6)
Hormone—deprived + PTH
(N= 6)
Inulin U/P 11.7 1.9 14.0 2.7 13.9 3.1
Cl (U/UF) 0.29 0.02 0.26 0.01 0.31 0.06
EF% 2.9 0.4 2.3 0.5 3.1 0.7
Na (U/UF) 0.15 0.03 0.14 0.02 0.23 0.05
EF% 1.6 0.3 1.4 0.5 2.4 0.6
K (U/UF) 3.23 0.43 3.14 0.31 3.06 0.34
EF% 30.3 3.5 25.4 2.6 27.2 4.7
Pi (U/UF) 0.08 0.02 0.36 0.09 1.84 0.l5***
EF% 0.9 0.3 3.4 1.0 15.2 2.0***
Mg (U/UF) 3.26 0.65 0.45 0.05*** 0.95 0.16***
EF% 29.7 4.2 4.0 1.1*** 9.1 2.1***
Ca (U/UF) 1.36 0.33 0.29 O.06*** 0.58 0.08**
EF% 12.6 2.8 2.3 0.6*** 5.7 1.4'
Osm (U/P) 0.60 0.04 0.63 0.05 0.76 0.04
EF% 5.9 0.9 5.5 1.4 6.8 1.1
Values are means SE. Abbreviations are: N, number of rats; U, Urine; P, plasma; UF, plasma ultrafiltrate; EF%, fractional excretion (% of
filtered load); significantly different from hormone-deprived rats: * P < 0.05, ** P < 0.025, P < 0.01.
unity. As recently discussed [18] a (TF/UF) Na lower than unity
could be due to the fact that the samples were collected from
ascending and descending thin limbs. In a previous study
carried out on hormone—deprived rats, the TF/UF for Cl and Na
in ascending thin limbs were significantly lower than in de-
scending thin limbs, which themselves were close to unity [18].
In the present series however, although the TF/UF for Cl, Na,
and osmolality tended to be higher in the descending than in the
ascending thin limbs, the difference never reached statistical
significance (0.10 <P < 0.05 for all three elements).
The tubular fluid to plasma ratio for osmolality was significantly
higher in the presence than in the absence of glucagon, and a
proportional increase was noted for Cl and Na TF/UF. These
changes were not accompanied by alterations in the TFfP1, so
that fractional delivery of Cl, Na and total solutes was significantly
higher in rats infused with glucagon than in control rats. This
suggests that the slight increase in TFIPosm observed in the
glucagon group directly resulted from a rise in sodium chloride
concentration. Fractional delivery of phosphate, as well as of K,
Mg and Ca was on the contrary unaltered in the presence of the
glucagon on Cl and Na, although a slight but significant increase
was noted with regards to the TFIPosm. The TF/UF and fractional
delivery values for Cl, Na and osmolality were not significantly
different in the presence and absence of PTH. Phosphate frac-
tional delivery to the thin limbs increased however with PTH,
illustrating the well known proximal inhibition of phosphate reab-
sorption by this hormone. The K, Mg and Ca fractional deliveries
remained constant whether PTH was given or not.
To locate the origin of the effects of glucagon on sodium and
chloride delivery at the tip of the loop, data from descending
thin limbs were analyzed separately. In Figure 1 (left), the TFIP
inulin ratio is plotted as a function of the osmolality in the
descending limb for the HD + glucagon rats. No correlation
exists between the two variables, the TF/P1 being constant,
irrespective of the fluid osmolality. On the other hand, the right
part of Figure 1 shows that the sodium concentration at the tip
of the thin descending limbs is significantly correlated to the
fluid osmolality. These two observations imply that the rise in
osmolality observed at the tip of the loop in the HD + glucagon
animals was not due to water extraction but to transepithelial
hormone. Administration of PTH failed to reproduce the effects of solute addition, as illustrated in the lower part of Figure 1 which
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Table 3. Composition of fluid collected from thin limbs of Henle's loop.
Hormone—deprived(N= 6) Hormone—deprived + glucagon(N= 6)
Hormone—deprived PTH
(N= 6)
SNGFR, nliterlmin nephron 10.5 0.8 10.3 1.1 9,8 0.8
(F/P)1 2.27 0.07 2.30 0.10 2.38 0.13
Cl (F/UF) 0.93 0.04 1.13 0.05'" 1.02 0.02
FD% 42.4 0.9 50.0 1,7*** 44.5 1.8
Na (F/UF) 0.80 0.04 0.95 0.05** 0.90 0.03
FD% 36.2 1.0 42.3 1.7** 39.3 2.0
K (F/UF) 1.56 0.09 1.65 0.06 1.68 0.16
FD% 70.3 5.0 72.0 1.7 72.0 6.7
Pi (F/UF) 0.29 0.03 0.31 0.03 0.56 0.07***
FD% 13.3 1.5 13.6 1.2 22.9 2.0***
Mg(F/UF) 2.02±0.16 1.84±0.11 1.84±0.08
FD% 89.4 5.5 81.3 3,9 79.5 4.3
Ca (FlUE) 1.78 0.20 1.81 0.17 1.97 0.09
FD% 79.7 8.1 80.5 7.5 86.5 6.5
Osm (FIP) 1.11 0.04 1.32 0.04*** 1.24 0.05*
FD% 51.1 2.1 58.0 1.8* 52.4 1.7
Values are means sa. Abbreviations are: N, number of rats; SNGFR, single nephron glomerular filtration rate; F, tubular fluid; P, plasma; UF,
plasma ultrafiltrate; FD%, fractional delivery (% of filtered load); In, Inuline; significantly different from control hormone-deprived rats: * J <
0.05, ** P < 0.025; "fl' P C 0.01.
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The present study has demonstrated that glucagon increases the
osmolality of the fluid flowing down the descending limb, this
increase resulting essentially from a net sodium chloride addition
which occurs somewhere along the descending limb of Henle's
r = 078 ioop. This could have been shown by administering glucagon to
p -c oloo 1 rats deprived of endogenous ADH, PTH, calcitonin and glucagon.
The fact that in such hormone—deprived rats the corticomedullary
400 500 concentration gradient is virtually cancelled was a priori favorable
for studying the respective effects of each of the four hormones on
the function of the loop of Henle ofjuxtamedullary nephrons. On
the other hand, parathyroid hormone administered under cxpcri-
Fig. 1. Correlation between the fluid osmolality and (TFlP)1, Na
concentration or Na fractional delivery in the thin descending limb of
Henle's loop for hormone—deprived + glucagon rats. Glucagon was
administered at a rate of 4.4 nglmin. Points are individual values
obtained from each punctured tubule (N = 21 loop fluid samples
collected from six rats). Dotted lines indicate a proportional increase of
both variables. Solid lines are the calculated regression lines: TFlP1 =
0.001 Osm + 1.994 (Osm = 300 mosmolelkg, TFlP1 = 2.3); Na = 0.427
Osm — 24 (Osm : 300 mosmolelkg, Na = 104 mEqlliter); FD% Na =
0.092 Osm + 5.767 (Osm = 300 mosmolelkg, FD% Na = 33.4%).
shows that the fraction of filtered Na remaining at the end—
descending limb is clearly a function of the fluid osmolality.
With respect to chloride, its concentration and fractional deliv-
ery in the thin descending limb were also correlated to the fluid
osmolality (P < 0.001 and P < 0.02, respectively), thus corrob-
orating the fact that the concentrating process in the descending
limb observed under glucagon stimulation resulted essentially
from net solute addition.
mental conditions similar to those of the glucagon experiments did
not produce any significant effect on the amount of NaCI delivered
to the thin limbs of Henle's loop.
Effects of glucagon on water and sodium chloride delivered
to the hairpin turn offuxtamedullary Henle's loop. The present
study is the first devoted to the effects of glucagon on the
composition of the fluid at the hairpin turn of the deep neph-
rons. The data clearly indicate that the glucagon—mediated
increase of the osmolality of fluid occurred in the absence of
any detectable modification of TF/P1 and tubular fluid flow rate
at this site. The risc in loop fluid osmolality was not accompa-
nied by a concomitant rise in the concentrating ability of the
kidney. This was probably due to the lack of ADH, a condition
of low permeability to water in the terminal nephron segments.
In contrast to the TF/P1, the Na concentration in the tubular
fluid increased in proportion to the osmolality. This implies that
the glucagon—dcpendent increase of the fluid osmolality was
due to a net addition of solute—mainly NaCI'—to the descend-
'The non electrolyte solute concentration (mainly urea concentra-
tion) in the loop fluid could be calculated as the total osmolality minus(1.84 x Na 2 x K) 1191. This calculation gave values for non-
electrolyte concentration not significantly different in hormone—
deprived rats (111 24 mOsmikg) and hormone—deprived + glucagon
rats (118 6 mOsmlkg).
TF/PI, Na (mmole/liter)
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ing limb, rather than to water withdrawal. This conclusion is
corroborated by the fact that the amounts of filtered Na and Cl
delivered to the end descending limb are well correlated to the
fluid osmolality.
Mechanism responsible for increased NaC1 delivery in thin
descending limbs during glucagon infusion. The precise loca-
tion of glucagon target segments has been determined by the
measurement of hormone—dependent adenylate cyclase on iso-
lated tubules [201. In the rat, the cyclase system of the proximal
convoluted and straight tubules was found to be insensitive to
the peptide. In addition, glucagon did not modify the adenylate—
cyclase activity in the thin descending limb [20] and binding
studies on isolated tubules corroborated that no segment up to
the thick ascending limb appears to be a target site for glucagon
(D. Butlen, personal communication). The lack of effect of
glucagon on phosphate and water delivery to the hairpin turn is,
therefore, concordant with the distribution of the glucagon
target sites.2 The rise in NaCI delivery to the hairpin turn must
therefore be the result of an action different from a direct effect
of the hormone on the descending limb. A glomerular effect of
glucagon might rise the Na fractional delivery to the thin
descending limb. This is however unlikely since as already
discussed the SNGFR of JM nephrons had been unaltered by
glucagon infusion. On the other hand, the adenyl—cyclase
present in the thick ascending limb is highly sensitive to
glucagon, in both its medullary and cortical portions [20]. From
recent studies it was concluded that the peptide may act
similarly to ADH [7] in that segment of the nephron. It is
therefore conceivable that the reabsorbed NaC1 delivered to the
medullary interstitium returns to the descending limbs of the
juxtamedullary nephrons, as part of a recycling process [21]. In
the inner stripe of the outer medulla the thin descending limbs
of long loops lie in the vicinity of the first part of the thick
ascending limbs [22]. These thin limbs possess a complex
epithelium (type II epithelium, according to the terminology
used by Kriz [23]), with a prominent paracellular pathway [23,
24]. In the hamster, the type II epithelium is much more
permeable to sodium than the type I epithelium present in the
short loops [25] and this may also be the case in the rat [26].
Thus, it is possible that sodium passes from the solute—rich
interstitium into the descending limbs of long loops, thereby
2 In the present study glucagon administration elicited an increase in
the GFR of the whole kidney. This increase was not accompanied by a
concomitant rise in the SNGFR of the juxtamedullary nephrons,
implying an increase of the SNGFR of the other nephron populations,
including the superficial ones (60% of the whole population). This is in
agreement with the observations previously reported by Bailly eta!: in
one study [6] the SNGFR of superficial nephrons tended to be higher in
HD + glucagon (38.1 2.2 nliter/min) than in HD rats (33.5 2.6
nliter/min) and in the other [12] the difference reached statistical
significance (31.4 2.! nliter/min vs. 24.7 1.7 nliter/min). This rise in
SNGFR was accompanied by a decrease of the fractional reabsorption
of the phosphate load delivered to the loop of superficial nephrons [61
and by a tendency for the Pi fractional excretion rate to increase. It is
probable that this inhibition resulted from a glomerular effect of the
hormone which increased the load of Pi delivered to the ioop. The fact
that for phosphate in the present study the fractional delivery at the
hairpin turn was unchanged by glucagon infusion whereas the fractional
excretion also tended to increase (HD = 0.9 0.3%, HD + glucagon =
3.4 1.0%) corroborates the absence of glucagon effect on the JM
filtered loads.
returning to the inner medulla. The participation to the coun-
ter—current concentrating mechanism of such a NaC1 medullary
recycling has already been described for another rodent spe-
cies, the sand rat Psammomys obesus [17, 21, 27] which also
possesses a well developed type II epithelium [28].
Comparative effects of PTH and glucagon on water and
solutes handling by juxtamedullary nephrons. Administration
of PTH clearly failed to produce any significant change in the
fractional delivery of NaCl and total solutes. Thus, although
PTH and glucagon stimulate adenylate—cyclase activity in the
thick ascending limb, only the latter hormone exerts signfficant
effects on the osmolality of the descending limb fluid. PTH acts
on the cortical but not the medullary portion of the thick
ascending limb [8] whereas, as mentioned above, glucagon
enhances the cyclase activity in both portions [9, 20]. In
addition, PTH did not enhance NaC1 transport by Henle's loop
in hormone-deprived rats [6], and could therefore hardly act on
the NaCl medullary recycling process between the thick as-
cending limbs and the thin descending limbs.
PTH is known to inhibit fluid and electrolyte movements in
the proximal convoluted and straight tubules. A rise in water
and NaC1 delivery at the tip of the ioops might therefore have
been expected as a consequence of the proximal action of PTH.
In fact, this was not the case. This was probably due to the low
dose of PTH employed. Using such a low dose Bailly, Roinel,
and Amiel did not observe any significant effect of PTH on
water and NaCl reabsorption by the superficial proximal con-
voluted tubule [6]. The nephron segments located upstream to
the hairpin turn still responded to the peptide, however, as
evidenced by a significantly higher fractional delivery of phos-
phate to the hairpin turn in hormone-deprived + PTH than in
hormone-deprived rats [29].
As stated above, our data which supports evidence for NaC1
recycling in the glucagon but not in the PTH group are consist-
ent with the different distribution of the peptide action sites
along the medullary and cortical thick ascending limb. Anti-
diuretic hormone (ADH) and glucagon both stimulate the same
cyclase pool in the medullary thick ascending limb [9, 30] and
are both devoid of specific receptors along the proximal tubule
and the descending limb [8]. Moreover, ADH and glucagon may
act in vivo very similarly on electrolyte transport by the
superficial loop of Henle [4, 6, 7]. Investigations of the effects of
ADH in the Brattleboro rat [19, 31] or of dDAVP in the
hormone-deprived rat [18] nevertheless failed to detect any
significant modification of the amount of Na delivered to the
hairpin turn during ADH (or dDAVP) induced—antidiuresis.
Such a difference between the effects of vasopressin and
glucagon on the Na handling by the juxtamedullary nephrons
might come from more efficient effects of the latter hormone on
NaC1 reabsorption by the thick ascending limb. Alternatively,
an increase of Na recyling could not necessarily be accompa-
nied by a rise in the amount of this ion delivered to the hairpin
turn if the net addition of salt is challenged by a reabsorptive
component which also takes place along the descending limb.
Supporting the first interpretation (stronger effects of glucagon
than ADH on NaC1 transport by the thick ascending limb) is the
finding that, in rats, glucagon has more potent effects than
vasopressin on the cyclase present in medullary thick ascending
limbs [9]. In the rat, the effects of vasopressin on Na addition
along the descending limb could therefore be too weak to be
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detected by micropuncture. The second interpretation (ADH—
mediated addition of salt challenged by a reabsorptive compo-
nent) is supported by the following considerations. Of the two
hormones, only vasopressin increases the permeability to water
of the nephron terminal segments. It is generally accepted that
this hydroosmotic effect is accompanied by a rise in the urea
concentration in the medullary interstitium, responsible for
substantial water extraction from the descending thin limbs.
Accordingly, the water delivery to the tip of juxtamedullary
nephrons was reduced by dDAVP [18] but unaltered in the
present study by glucagon. In other words, administration of
peptide hormones able to stimulate NaCI reabsorption in the
medullary thick ascending limb caused an increase in the NaCl
delivery at the tip of the long looped nephron only when water
removal did not occur along the descending limb. We might
therefore argue that some NaCl reabsorption takes place along
the descending limb, the amount of which increases when water
is reabsorbed along this segment, thus creating a steeper
concentration gradient favoring outward diffusion of salt. Two
lines of evidence support this interpretation: 1) when the
TF/Posm in the descending limb is equal to unity, the TF/UFNa
is lower than one. This is illustrated in Figure 1 for the
hormone—deprived + glucagon rats. In the HD and HD + PTH
rats, the correlation between TF/UFNa and TF/POSTTI gave
TF/UFNa values of 0.79 and 0.85 respectively, for TF/POSm equal
to unity.3 Thus, when there is no corticomedullary concentra-
tion gradient, a reabsorption of NaCI along the thin descending
limb is very likely. 2) Salmon calcitonin might be expected to
enhance solutes delivery at the tip of the loop, since this peptide
stimulates the adenylate—cyclase present in the medullary thick
ascending limb. In fact, calcitonin, as vasopressin, can also
increase the permeability to water of the collecting ducts [10,
11] and, as observed with dDAVP, the concentration of loop
fluid produced with salmon calcitonin resulted from water
removal, not from solute addition [10].
The present experiments indicate the existence of sodium
addition and/or, according to the circumstances, sodium re-
moval along the descending limb. At present, we are not in a
position to decide either that these processes take place along a
different part (outer medulla vs. inner medulla) of the descend-
ing limb, or that they both occur in the outer medulla.
In Psammomys obesus, it has been proposed that a medullary
recycling process exists for Mg and to a lesser extent Ca [27], as
well as for NaC1 [21]. In the rat, Brunette, Vigneault, and
Carriere [32] found that during acute Mg loading, the fractional
delivery of Mg at the hairpin turn of the juxtamedullary neph-
rons exceeds the filtered load, implying a net Mg secretion
somewhere upstream to this site. Glucagon, which strongly
stimulates Mg and Ca reabsorption in the thick ascending limb,
might have been expected to enhance the deliveries of these
ions at the hairpin turn, as observed for Cl and Na. In fact, Mg
In preliminary experiments carried out on hormone—deprived rats,
when the TF/Posm was close to unity, the TF/UF Na in the vasa recta
fluid was 0.62 0.03 (N = 11, three rats). Such a low sodium
concentration could favor sodium output from the descending (or
ascending) thin limbs in the papilla. The large amounts of hypotonic
fluid reabsorbed from the medullary collecting ducts during water
diuresis [331 could explain the low value of the Na concentration in the
interstitium.
and Ca fractional deliveries did not differ in ND and ND +
Glucagon rats. The situation for Mg and Ca, however, is very
different from that for Cl and Na. A higher TF/UF for Ca and
Mg than for Cl and Na in late superficial proximal tubule,
suggests that at the beginning of the descending limb the TF/UF
for Mg and Ca might be higher than that of Cl and Na. It is
therefore possible that the hormone—mediated increase in the
Mg and Ca reabsorption by the thick ascending limb delivers
into the medullary interstitium insufficient amounts of Mg and
Ca to create a transepithelial gradient favouring their entry into
the descending limb.
From a previous study on hormone—deprived animals [18],
we concluded, in agreement with Jamison et al, that the
fractional delivery of K in the thin limbs of Henle's loop
depends mainly on the amplitude of the distal K secretion
[34—36]. Potassium may participate in a medullary recycling
process occurring between the nephron terminal segments and
the pars recta or descending limb of Henle's loop. In a previous
study, the fractional delivery of K to the thin limbs was linearly
related to its urinary fractional excretion both in hormone—
deprived and in hormone—deprived + dDAVP rats [18]. In the
present study, such relationships were observed in ND and RD
+ PTH rats. The correlations between the fractional deliveries
of K in the loop (y) and the urinary excretion of K (x) were the
following: hormone—deprived : y = 36.2 + 1.1 x (N = 6; P <
0.05); hormone-deprived + PTH y = 38.1 + 1.3 x (N = 6; P
c 0.05). Both the slopes and the origin ordinates of the
regression lines were similar in the presence and absence of
PTH. Since, in addition, the urinary fractional excretion of K
was similar in both groups, this suggests that PTN may have
little effect on the medullary recycling of K. With regards to
glucagon, the percentage of filtered K delivered to the thin
limbs was also not affected by this peptide. Because the much
lower range of variation of the fractional excretion of K from
one animal to another in the ND +glucagon than in ND or ND
+ PTN rats, it was not possible to establish a precise relation-
ship between the amount delivered to the hairpin turn and the
amount excreted in the urine. Thus, from our data one cannot
determine the nature of the effect exerted by glucagon on the
distal net addition of K and its contribution to the medullary
potassium recycling. At any rate, Bailly, Roinel, and Amiel
found that glucagon administered to hormone—deprived rats did
not elicit important changes in K net addition into the portion of
distal nephron accessible to micropuncture [12), an observation
in agreement with the absence of modification of the amount of
K delivered to the hairpin turn in glucagon infused rats.
To conclude, this study demonstrates that glucagon, which
strongly activates the adenylate—cyclase present in medullary
thick ascending limbs, may increase the osmolality of fluid at
the hairpin turn of juxtamedullary nephrons by NaCl addition.
Consequently, in rats, some NaCl can be added to the descend-
ing limb fluid when electrolyte reabsorption by the thick as-
cending limb is stimulated. Such NaC1 addition might occur in
the outer medulla, since recent in vitro microperfusion experi-
ments revealed that the type II epithelium of the descending
limbs present in that area is highly permeable to sodium [25,
26]. It is likely that the absence of calcitonin and vasopressin,
which activate the adenylate—cyclase activity in both the mcd-
ullary thick ascending limb and the collecting ducts, made it
Hormonal effects on deep nephron functions 813
easier to detect the effects of glucagon on the concentrating
process along the descending limb.
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